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Abstract: In recent years, bimetallic nanocrystals have attracted great interest from many researchers.
Bimetallic nanocrystals are expected to exhibit improved physical and chemical properties due to the
synergistic effect between the two metals, not just a combination of two monometallic properties.
More importantly, the properties of bimetallic nanocrystals are significantly affected by their morphol-
ogy, structure, and atomic arrangement. Reasonable regulation of these parameters of nanocrystals
can effectively control their properties and enhance their practicality in a given application. This
review summarizes some recent research progress in the controlled synthesis of shape, composition
and structure, as well as some important applications of bimetallic nanocrystals. We first give a
brief introduction to the development of bimetals, followed by the architectural diversity of bimetal-
lic nanocrystals. The most commonly used and typical synthesis methods are also summarized,
and the possible morphologies under different conditions are also discussed. Finally, we discuss
the composition-dependent and shape-dependent properties of bimetals in terms of highlighting
applications such as catalysis, energy conversion, gas sensing and bio-detection applications.

Keywords: bimetallic nanocrystals; controllable synthesis; catalytic applications; gas sensing applica-
tion; Bio-detection applications

1. Introduction

Crystals with at least one dimension at the nanometer level (1~100 nm) are known
as nanocrystals. At the nanoscale, materials exhibit fascinating physical and chemical
properties due to quantum size effect [1,2]. For instance, bulk gold has no activity for
CO oxidation at low temperatures, while nanoscale gold has high catalytic activity [3].
Therefore, the controlled synthesis and application of metal nanocrystals have always
been a research hotspot in the field of nanochemistry. The composition and structure of
noble metals are relatively simple, and they have been used in many applications such
as catalysis [4–6], electronics [7], and information storage [8] and so on. However, single
metal nanocrystals have some shortcomings that are difficult to overcome in the application
process. For example, although Pt catalyst has high catalytic activity for CO oxidation, it is
easily poisoned. In addition, the amount of noble metals on earth are very low, and the
reserves are extremely limited. Therefore, bimetallic nanocrystals have drawn the attention
of a large number of researchers because bimetal exhibits not only a combination of two
monometallic properties, but also some new properties due to synergistic effects [9–13].

As shown in Figure 1, metals have their own inherent properties, such as magnetic
metal (Fe, Co, Ni), plasmonic metal (Cu, Au, Ag), and catalytic metal (Pd, Pt, Rh, Ru,
Ir). However, some noble metals are relatively rare on earth, and the price is quite high.
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In the process of preparing catalysts, the commonly used precious metal precursors are
chlorides or nitrates. Taking chlorides as an example, the order of the price of precious
metals is RhCl3 > IrCl3 > AuCl > PdCl2 > PtCl2 > RuCl3. The price of the cheapest RuCl3 is
about 150-fold that of NiCl2·6H2O, and 70-folds than that of CuCl2·2H2O. In addition, the
properties of a single metal are often not perfect. Nanocatalysts composed of two different
metals have excellent catalytic performance and relatively low cost, and are becoming
a frontier basic subject of interdisciplinary research in inorganic chemistry, nanoscience,
and catalytic chemistry. Since bimetals have a two-component common energy band, by
changing the composition of the alloy, the electronic structure and geometric configuration
of the particle surface can be continuously changed by adjusting the distance between
the d-band position of the metal and the Fermi energy level, It can change the adsorption
capacity of nanoparticles for reactants and products, and then affect the activity, selectivity
and stability of the catalyst [14]. Many works in the literature have proved that PtNi
catalyst exhibited much higher catalytic performance than pure Pt for the oxygen reduction
reaction (ORR) in fuel cells. For example, Zhao and co-workers reported that intermetallic
PtNi catalyst exhibited remarkably enhanced ORR activity in comparison to the disordered
PtNi and commercial Pt/C, and the durability also was improved by N doping [15].

Figure 1. A part of the periodic table of elements and their own inherent properties. Reproduced
with permission from [16]. Copyright American Chemical Society, 2016.

The physicochemical properties of bimetallic nanocrystals are highly related to the
spatial arrangement, atomic ordering and proportion of the different types of atoms. There-
fore, the physicochemical properties of bimetallic nanocrystals are often highly adjustable
and can be precisely designed by changing composition and optimizing structure accord-
ing to need. Thus, a large amount of effort has been focused on synthesizing bimetallic
nanocrystals with well-defined facets (e.g., cube, tetrahedron, octahedron, rhombic dodeca-
hedron, and hexagonal plates) and special structure (core-shell, alloy and heterostructure).
Owing to the efforts of many scientists all over the world in recent years [16–20], many
effective synthetic strategies have been developed, which are able to prepare a variety
of bimetallic nanocrystals with different structures and components. The properties of
bimetallic nanocatalysts including activity, selectivity and stability, have been proved to be
not only related to the composition and size of the particles, but also related to the types of
nanostructures. Huang and co-workers demonstrated that PdPt nanocube exhibited higher
activity towards the hydrogenation of nitrobenzene than PdPt tetrahedral, and Pt51Pd49 is
higher than others [21]. Obviously, it is an urgent task in this field to develop some liquid-
phase synthesis methods that can control nanocrystals with specific size, composition and
morphology, and it has also become a frontier topic in the field of bimetallic catalysis.
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Due to the excellent works of many research groups, some synthesis methods were
optimized and new synthetic strategies were designed. In addition, the application fields
of bimetallic nanocrystals have also been expanded. This review mainly covers the most
recent developments of typical structure, synthesis methods, and the application in many
important fields. In this review, there are 74 references to be cited for the periods 2011–2015
and 97 references for the periods 2016–2020. Bimetals containing only noble metals are
involved in 72 references, and bimetals containing at least one non-noble metal (iron, nickel,
cobalt, copper, tin and titanium) have 82 references, in which the most widely studied
bimetal is PtNi (22 references). Transition metal Ni has been proved an excellent additive
in Pt-based catalysts, and Pt–Ni alloy nanocrystals are effective catalysts for electrocatalysis
and heterogeneous catalysis due to the adjustable electronic structure, morphology and
stoichiometry. In addition, it is worth noting that some related review articles of bimetals
have been published about liquid-phase synthesis [17], shape-controlled synthesis [22],
magnetic and optical properties and applications [16], magnetic and optical properties
for biological applications [23], SPR and LSPR properties for photo catalysis [24] and
sensing [25], and theory to applications [19]. These reviews fully illustrate the importance
of the research field of bimetallic nanocrystals. In addition, we try our best to avoid overlap
in preparing this review. Compared to other related reviews, this article will focus on
controllable synthesis of typical bimetallic nanostructures and highlighting the most recent
advance in some hot fields such as catalysis, energy conversion, sensing and bio-detection
applications by selecting the represent articles.

2. The Structures of Bimetallic Nanocrystals

Despite only two elements, the architecture of bimetallic nanocrystals are complicated
and multiform. According to the atomic ordering and configuration of two different metals,
bimetallic nanostructures can be classified into three main types: alloyed structures (inter-
metallic and solid solution) and core-shell and heterostructure, as displayed in Figure 2.
Due to the different raw materials and synthesis conditions, these nanostructures can also
expose various crystal faces, including low Miller index surface, high Miller index step sur-
face or their mixed crystal faces. In addition, the structure of bimetallic nanocrystals can be
also divided into 0-D, 1-D and 2-D structures according to the three-dimensional extension
of nanocrystals, as shown in Table 1. The zero-dimensional structure means that the expan-
sion of the crystal in the three-dimensional direction is the same order of magnitude, mainly
including regular polyhedrons and Wulff polyhedrons. One-dimensional structure refers to
that the extension length of the crystal in one dimension is much greater than the extension
length of the other two dimensions, mainly includes nanowires, nanorods, and so on. A
two-dimensional structure implies that the stretched length of crystals in two dimensions
is much greater than that of another dimension, mainly including nanoplates, nanosheets,
and nanobelts etc. In addition, many derivative structures (core-frame, nanoboxes and
nanocages) are reported in the literature.

Figure 2. Bimetallic nanostructures: (a) intermetallic alloy, (b) solid solution alloy, (c) core-shell, and
(d) heterostructure.
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Table 1. Summary of shapes that have been successfully prepared for bimetallic nanocrystals with typical morphology.

Structure Shapes Models Bimetals and References

Zero-dimensional

Tetrahedron PdPt [26], PdCu [27]

Octahedron and truncated
octahedron

Pt@Pd [28], Pt3Ni [29]
PtCo [30]

Cube and truncated cube Au-Pd [31], Pt-Pd [32]

Icosahedron Pt-Pd [32]

Rhombic dodecahedron AuPd [33], NiPt [34]

One-dimensional

Nanorods

Nanomaterials 2021, 11, x FOR PEER REVIEW 4 of 38 
 

 

Table 1. Summary of shapes that have been successfully prepared for bimetallic nanocrystals with typical morphology. 

Structure Shapes Models Bimetals and References 

Zero-dimensional 

Tetrahedron  
 

PdPt [26], PdCu [27] 

Octahedron and truncated 
octahedron   

Pt@Pd [28], Pt3Ni [29] 
PtCo [30] 

Cube and truncated cube 
  

Au-Pd [31], Pt-Pd [32] 

Icosahedron 
 

Pt-Pd [32] 

Rhombic dodecahedron 
 

AuPd [33], NiPt [34] 

One-dimensional 
Nanorods  CuPt [35], Pt3Fe [36] 

Wavy wire 
 

PtCo [37], PtCu [38], PdPt [39] 

Two-dimensional 

Triangular plates 
 

Pd@Pt [40], Ag-Pd [41] 

Hexagonal plates 
 

Pd@Pt [40], PdAg [42] 

Hollow structure 

Nanoframework 
  

CuPd [43], PdRh [44] 

Nanocage 
   

PdPt [45], PtNi [46] 
PdCu [47], AuAg [48]  

2.1. Alloyed Structure 
It has been proved that alloyed materials often exhibit unique physicochemical 

properties, not just the simple addition of the intrinsic properties of two distinct metals 
[49–51]. Alloyed structures of bimetallic nanocrystals are homogeneous mixtures with 
specific geometric arrangement of atoms, and metal bonds are formed between metal 
atoms. On the basis of atomic ordering, an alloyed structure can be divided into inter-
metallic compound and solid solution. The components in intermetallic compound alloys 
are bonded to each other to form compounds, so they have both long-range atomic order 
and definite atomic ratio. For a solid solution alloy, the components dissolve each other 
and the metal atoms randomly and thoroughly mixed. In the powder XRD pattern, the 
characteristic diffraction peak of single metal will disappear, and the alloy diffraction 
peak different from the two pure metal components will appear. The classification is 
highly significant because solid solution and intermetallic compounds often exhibit dis-
tinct performance even though they have the same elemental composition and stoichi-
ometry. 

For preparing the solid solution alloy, the most commonly used method is based on 
co-reduction (see Section 3.1). Although this method could effectively control the atomic 
ratio of products, it does not perform well in controlling the morphology and atomic 
order of nanocrystals.[16] The alloy structure of two metals (C and D) will be favored if 
three factors can be met: (i) relative strengths of C-D bond is higher than both the C-C 
and D-D bonds; (ii) similar surface energies of the individual bulk metals (C and D); and 
(iii) approximate atomic sizes and similar crystal structure [19]. It has been well proved 

CuPt [35], Pt3Fe [36]

Wavy wire

Nanomaterials 2021, 11, x FOR PEER REVIEW 4 of 38 
 

 

Table 1. Summary of shapes that have been successfully prepared for bimetallic nanocrystals with typical morphology. 

Structure Shapes Models Bimetals and References 

Zero-dimensional 

Tetrahedron  
 

PdPt [26], PdCu [27] 

Octahedron and truncated 
octahedron   

Pt@Pd [28], Pt3Ni [29] 
PtCo [30] 

Cube and truncated cube 
  

Au-Pd [31], Pt-Pd [32] 

Icosahedron 
 

Pt-Pd [32] 

Rhombic dodecahedron 
 

AuPd [33], NiPt [34] 

One-dimensional 
Nanorods  CuPt [35], Pt3Fe [36] 

Wavy wire 
 

PtCo [37], PtCu [38], PdPt [39] 

Two-dimensional 

Triangular plates 
 

Pd@Pt [40], Ag-Pd [41] 

Hexagonal plates 
 

Pd@Pt [40], PdAg [42] 

Hollow structure 

Nanoframework 
  

CuPd [43], PdRh [44] 

Nanocage 
   

PdPt [45], PtNi [46] 
PdCu [47], AuAg [48]  

2.1. Alloyed Structure 
It has been proved that alloyed materials often exhibit unique physicochemical 

properties, not just the simple addition of the intrinsic properties of two distinct metals 
[49–51]. Alloyed structures of bimetallic nanocrystals are homogeneous mixtures with 
specific geometric arrangement of atoms, and metal bonds are formed between metal 
atoms. On the basis of atomic ordering, an alloyed structure can be divided into inter-
metallic compound and solid solution. The components in intermetallic compound alloys 
are bonded to each other to form compounds, so they have both long-range atomic order 
and definite atomic ratio. For a solid solution alloy, the components dissolve each other 
and the metal atoms randomly and thoroughly mixed. In the powder XRD pattern, the 
characteristic diffraction peak of single metal will disappear, and the alloy diffraction 
peak different from the two pure metal components will appear. The classification is 
highly significant because solid solution and intermetallic compounds often exhibit dis-
tinct performance even though they have the same elemental composition and stoichi-
ometry. 

For preparing the solid solution alloy, the most commonly used method is based on 
co-reduction (see Section 3.1). Although this method could effectively control the atomic 
ratio of products, it does not perform well in controlling the morphology and atomic 
order of nanocrystals.[16] The alloy structure of two metals (C and D) will be favored if 
three factors can be met: (i) relative strengths of C-D bond is higher than both the C-C 
and D-D bonds; (ii) similar surface energies of the individual bulk metals (C and D); and 
(iii) approximate atomic sizes and similar crystal structure [19]. It has been well proved 

PtCo [37], PtCu [38], PdPt [39]

Two-dimensional

Triangular plates Pd@Pt [40], Ag-Pd [41]

Hexagonal plates Pd@Pt [40], PdAg [42]

Hollow structure

Nanoframework CuPd [43], PdRh [44]

Nanocage PdPt [45], PtNi [46]
PdCu [47], AuAg [48]

2.1. Alloyed Structure

It has been proved that alloyed materials often exhibit unique physicochemical prop-
erties, not just the simple addition of the intrinsic properties of two distinct metals [49–51].
Alloyed structures of bimetallic nanocrystals are homogeneous mixtures with specific geo-
metric arrangement of atoms, and metal bonds are formed between metal atoms. On the
basis of atomic ordering, an alloyed structure can be divided into intermetallic compound
and solid solution. The components in intermetallic compound alloys are bonded to each
other to form compounds, so they have both long-range atomic order and definite atomic
ratio. For a solid solution alloy, the components dissolve each other and the metal atoms
randomly and thoroughly mixed. In the powder XRD pattern, the characteristic diffraction
peak of single metal will disappear, and the alloy diffraction peak different from the two
pure metal components will appear. The classification is highly significant because solid
solution and intermetallic compounds often exhibit distinct performance even though they
have the same elemental composition and stoichiometry.

For preparing the solid solution alloy, the most commonly used method is based on
co-reduction (see Section 3.1). Although this method could effectively control the atomic
ratio of products, it does not perform well in controlling the morphology and atomic order
of nanocrystals [16]. The alloy structure of two metals (C and D) will be favored if three
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factors can be met: (i) relative strengths of C-D bond is higher than both the C-C and
D-D bonds; (ii) similar surface energies of the individual bulk metals (C and D); and (iii)
approximate atomic sizes and similar crystal structure [19]. It has been well proved that the
atomic arrangement in nanoalloys strictly depends on the balance of the factors outlined
above, and is also related to the experimental conditions and synthetic strategies.

Some bimetallic systems might tend to form new crystalline structures distinct from
a single metal, and exhibit strict atomic arrangements rather than random mixing, such
as PtCu3 [52], Pt3Ti [53], Pt3Sn [54], Ni3Sn2 [55], and PtFe [56]. Thermodynamically, the
final atomic arrangements in bimetal can be predicted by the change in Gibbs free energy
upon mixing (∆Gmix) under a certain condition. For an ideal binary system, ∆Gmix can be
expressed by [57]

∆Gmix = ∆Hmix − T∆Smix (1)

where T is reaction temperature, ∆Hmix and ∆Smix are the changes of enthalpy and entropy
before and after the reaction, respectively. In principle, the more negative the ∆Gmix, the
easier it is for two metal atoms to be mutually soluble. In most case, however, intermetallic
compounds are difficult to obtain by a liquid method, which tends to produce solid solu-
tion alloys with disordered atomic arrangements. Thus, in order to obtain intermetallic
compounds from alloys, some post-treatment processes (high temperature heat treatment
under inert gas protection) are often needed [53,58,59]. Intermetallic compounds often
exhibit improved catalytic and magnetic properties over that of alloys due to the precise
control of composition and surface atomic arrangement [60,61]. Hideki and co-workers
prepared atomically disordered Pt3Ti nanoparticles by co-reduction method, and atomically
disordered Pt3Ti nanoparticles could transfer into atomically ordered Pt3Ti nanoparticles
by annealing in vacuum at 600 ◦C. Both materials were used as the electrocatalyst for fuel
cells, and the results showed that Pt3Ti NPs with highly ordered atomic arrangements
exhibited higher current densities for formic acid oxidation than that of atomically dis-
ordered Pt3Ti NPs [53]. Considering the magnetic properties, intermetallic compounds
consisting of one 3d metal (such as Fe, Co, Ni) and one 4d or 5d metal (such as Pd, Pt)
have been distinguished, which exhibited excellent performance in the field of information
storage [16]. Above all, bimetallic nanocrystals composited of intermetallic compounds
have broad prospects in catalytic, energy conversion and storage, and sensing applications.

2.2. Core-Shell Structure

In recent years, bimetallic nanocrystals with the core-shell structure have drawn
widespread attention because of their improved performance over the combination of the
two distinct metals in catalytic, energy and sensing applications. The core-shell structure
(C@D) is an ordered assembly structure, which is composed of an inner core (metal C)
completely coated with a shell (metal D) by chemical bonds or other forces [62]. When
the precursors of the two metal ions have different reducing abilities, the precursor with
the higher reduction potential could be preferentially reduced to the metal atom and form
the nucleation center, and then the metal ions with the lower potential are reduced to
metal atoms and deposited on the nucleation center, finally forming the core-shell structure
(Figure 3). The most effective method to synthesize a core-shell structure is seed-mediated
growth, in which metal C is often preferentially reduced and then acts as a heterogeneous
nucleation site for metal D atoms to grow by chemical reduction or thermal decomposition
methods [63–66]. The bimetals with multilayered nanostructures can be also generated by
repeating the above process. After the efforts of many researchers, the nice thing is that
the shell thickness of bimetal with core-shell structure could be precisely controlled at the
atomic level [67,68], which is appealing for some special physicochemical properties, such
as tuning optical properties, improvement in catalytic activity and stability, and augment-
ing of magnetic anisotropy. The core-shell structure has many morphologies due to the
diverse morphologies of the seed (such as nanorod, nanowire, nanosphere, nanoplate, and
polyhedra). In addition, the core-shell structure has many derived structures, such as mul-
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tiple cores with one shell (Figure 3c), multilayered core-shell (onion structure/Figure 3d)
and yolk-shell (Figure 3e).

Figure 3. Different core-shell structures bimetallic nanocrystals: (a) spherical core-shell; (b) hexagonal
core-shell; (c) multiple core with one shell; (d) multilayered core-shell; (e) yolk-shell [59].

The catalytic activities of the core-shell structured nanocrystals mainly depend on
the composition of the shell metal, showing a catalytic effect similar to that of the single
shell metal. Due to the poor electronegativity between the inner and outer metals, there
will be electron transfer at the interface between the two distinct metals. Moreover, many
researchers have paid attention to the dependence of atomic layer number on catalytic
performance for bimetallic nanocrystals [69,70]. When the shell metal has only a single
atomic layer, strain effect and electronic coupling effect are very significant, which could
affect the catalytic properties including activity and selectivity of the shell metal. In this
case, the system has the highest utilization efficiency of shell atoms, so that the material
cost of surface atoms is the lowest. When the thickness of shell metal increases to multiple
(2–6) atomic layers, strain and electronic coupling effect of core and shell atoms can
still exist. Wang and co-workers studied the shell thickness-dependent catalytic activity
of Pd@PtnL core−shell icosahedra, and result showed a volcano-shaped curve, and the
optimal shell thickness is 2.7 nm [69]. When the thickness of the outer metal (metal D) is
greater than six atomic layers (or more than 1.5 nm), some special properties of bimetal
(strain and electronic coupling effect) may disappear, and thus the ability to modulate
their catalytic properties is lost. However, other excellent properties about multilayer
core–shell bimetallic nanocrystals are reflected, such as adjusting the optical properties,
and improving the catalytic activity and selectivity of bimetallic catalyst. The above results,
as well as other studies, fully proved the importance of accurate control of shell thickness
in preparing a core-shell bimetal (C@D) for practical application.

2.3. Heterostructure

When a metal atom is deposited on the surface of a substrate composed of another
metal, there are three growth modes, namely, layer-layer growth mode, film-island growth
mode, and island growth mode. When the D–D bond energy of metal D is greater than the
C–D bond energy between metal C and metal D, or the specific surface free energy of D is
greater than the specific surface free energy of C, D will choose the island growth mode
because it can reduce the lattice stress between C and D and the total surface free energy.
Simply put, when a metal preferentially generates nanocrystals with a certain morphology,
and another metal atom adopts an “island growth mode” on the crystal, a multi-level
structure will be formed (Figure 2d). For example, the Tsung research group synthesized
PdRh heterostructure nanocrystals by Pd seeds [71]. Because the bond dissociation energy
of Rh–Rh is greater than that of Rh–Pd, the Rh atoms generated by subsequent reduction
will choose “island growth mode” on Pd nanocrystal surface (as shown in Figure 4).
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Figure 4. The synthetic diagram of controlling rhodium epigrowth on noble metal. Reproduced with
permission from [71]. Copyright American Chemical Society, 2012.

The characteristics of heterostructure nanocrystals are similar to those of the mixture
formed by mixing metal nanocrystals with corresponding sizes. The XRD pattern of the
heterostructure bimetallic nanocrystals will have the same metal characteristic peaks as
the two-metal mixture. On the one hand, the bimetallic nanocrystals with multi-level
structure may retain the physical and chemical properties of the two distinct metals in
the metal mixture; on the other hand, due to the interface interaction between multi-level
structures, they will have some new properties different from the metal mixture in some
systems [72,73].

2.4. Core-Frame and Other Derivative Structure

In addition to the three basic nanostructures mentioned above, there are many deriva-
tive nanostructures, such as core-frame [18,74,75], nanodimers [76], hollow nanoboxes [77]
and nanocages [78,79], and dendritic structure [80]. As we all know, the specific surface area
and number of active catalytic sites must be maximized for effective catalysis. Compared
with other structures, bimetallic nanocrystals with core-frame structure possess the maxi-
mum surface area per volume (high atomic efficiency) due to the hollow nanostructures
with openings in their shells, which exhibited excellent electrocatalytic activity in terms of
the oxygen reduction reaction (ORR), oxygen evolution reaction (OER), hydrogen evolution
reaction (HER), and methanol oxidation reaction (MOR). Several research groups, includ-
ing Xia and Lee, have done a lot of works on preparing the bimetallic nanocrystals with
core-frame structure. The synthetic routes of nanoframes mainly include presynthesized
template-assisted and solvothermal route involving in situ formed template. The second
metal is grown on the template, and then the template is removed by acid etching or electric
displacement to obtain a bimetal frame structure. Metals commonly used as templates
are noble metals (Pd [81], Ag [82–84] and Au [75,85]) and transition metal (Cu [86–88]
and Ni [89,90]). Some synthesized frame structures developed up until now are shown in
Figure 5. The frame structures, including nanoboxes and nanocages, are the highly open
structures with large specific surface area and atomic utilization, which often exhibit high
catalytic activity and tunable spectral properties. Therefore, the nanocrystals with the open
frame structures have been employed in many practical applications in some advanced
fields, such as drug-delivery [91], photothermal cancer therapy [92], bio-imaging, sens-
ing [93], fuel cell [90] and many others. However, there are shortcomings and limitations
that need further study, such as instability.
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Figure 5. Summary of bimetallic nanoframe structures have been successfully prepared. Cube
(a) Pd@Pt, Reproduced with permission from [81]. Copyright Wiley-VCH, 2016. (b) PtAg, Repro-
duced with permission from [94]. Copyright Royal Society of Chemistry, 2017., (c) AgRh Reproduced
with permission from [95]. Copyright American Chemical Society, 2018. (d) AuAg, Reproduced
with permission from [82]. Copyright American Chemical Society, 2018. (e) PdIr, Reproduced
with permission from [96]. Copyright Wiley-VCH, 2019. Octahedron: (f) PtNi, Reproduced with
permission from [97]. Copyright American Chemical Society, 2015. (g) AuAg, Reproduced with
permission from [83]. Copyright Springer Nature, 2019. (h) RhCu, Reproduced with permission
from [98]. Copyright Royal Society of Chemistry, 2015. (i) AuPt, Reproduced with permission
from [99]. Copyright Wiley-VCH, 2019. (j) PtCu, Reproduced with permission from [86]. Copyright
Royal Society of Chemistry, 2013. Rhombic Dodecahedron: (k) PtCu3, Reproduced with permission
from [100]. Copyright American Chemical Society, 2014. (l) PdCu3 [100], (m) PtCo Reproduced with
permission from [101]. Copyright American Chemical Society, 2020. (n) CuPt, Reproduced with
permission from [102]. Copyright American Chemical Society, 2017. (o) IrNi2, Reproduced with
permission from [90]. Copyright American Chemical Society, 2018. Bipyramid: (p) AuPt, Reproduced
with permission from [85]. Copyright Wiley-VCH, 2019. Planar Triangle: (q) AgPd, Reproduced
with permission from [103]. Copyright Wiley-VCH, 2015. (r) PtCu, Reproduced with permission
from [88]. Copyright American Chemical Society, 2017. Decahedron: (s) AgAu, Reproduced with
permission from [82]. Copyright American Chemical Society, 2011. (t) PtCu, Reproduced with
permission from [87]. Copyright Wiley-VCH, 2016. Truncated Octahedron: (u) AuPt, Reproduced
with permission from [75]. Copyright Royal Society of Chemistry, 2019. (v) RhCu, Reproduced with
permission from [104]. Copyright Wiley-VCH, 2016.

3. Controllable Synthesis of Bimetallic Nanocrystals

It has been proved that the natural properties of bimetallic nanocrystals are closely
related to their composition, size and shape. Xia and co-workers prepared Pd, PdPt and
PdAu bimetallic nanocrystals with the same morphology by a seeded growth method
for catalytic oxidation of formic acid, and the result showed that Pd concave decahedra
exhibited improved catalytic activity, which was attributed to the high-index facets and
twin boundaries on the Pd surface [105]. Therefore, the controllable synthesis of bimetallic
nanocrystals is of great significance for further optimizing their functionality and applica-
tion performance. Generally speaking, the growth process of bimetallic nanocrystals can
be divided into two stages: nucleation and growth. The two processes are often continuous
and difficult to separate, and the thermodynamic and kinetic processes of these two stages
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are often difficult to control, so the controllable synthesis of bimetallic nanocrystals be-
comes very complex. In the whole synthesis process, reaction temperature, environmental
pressure and reaction time will affect the morphology of the crystal. In addition, the
type, concentration and reduction potential of reactants, reducing agent and the surfactant
will also affect the reduction rate of reactants and the nucleation and growth process of
nanocrystals [17,106]. Thanks to the efforts of many research groups, many synthesis
strategies have been developed to obtain bimetallic nanocrystals with well-controlled prop-
erties. It is worth noting that different synthesis methods also may produce the products
with similar structure owing to the similarity of basic mechanisms or reaction pathways.
The complex nanostructures are generally synthesized by a combination of two or more
different synthetic methods. This paper will focus on the typical and most used synthetic
strategies, including co-reduction, seed-mediated growth, thermal decomposition, and
galvanic replacement reaction.

3.1. Co-Reduction

The co-reduction method entails that the precursors of two metal ions can be re-
duced simultaneously under certain reaction conditions, and then nucleate and grow into
nanocrystals. The method is considered to be the most simple and straightforward strategy
to prepare the bimetal with alloyed or intermetallic nanostructures [16] (Figure 6). However,
core-shell and heterostructure also can be obtained by this method under certain condition.
According to the study of LaMer [107], nucleation and growth should be divided into two
distinct processes in order to obtain highly monodispersed nanocrystals. The nucleation
and growth process of bimetallic nanoparticles mainly depends on the reduction rate of
metal ions precursors, which is closely related to the reduction potential of metal ions. It is
known that the higher reduction potential of metal ions, the easier the metal ions are to be
reduced. The reduction potentials of the metal ions are shown in Table 2. Generally, metals
with similar reduction potentials tend to form alloys. The two metals with large difference
in reduction potential tend to form bimetallic with core-shell structure or heterostructure.
In addition, the composition and shape of bimetals are related to the reactants (precursor,
reducing agent and surfactant) and the reaction conditions (temperature, pressure and so
on). According to the different reaction routes and conditions, the co-reduction method
can be divided into solvothermal methods and oil-phase methods.

Figure 6. Schematic diagram of synthesis process by co-reduction method.

Table 2. Reduction potentials of the metal ions [16].

Reduction Reaction Eo (V vs. SHE) a

Au3+ + 3e−
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Reduction Reaction Eo (V vs. SHE) a 

−  1.50 

Pt2+ + 2e− Pt 1.18 

Ir3+ + 3e− Ir 1.16 

Au 1.50
Pt2+ + 2e−
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−  1.50 
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Ir3+ + 3e− Ir 1.16 

Pt 1.18
Ir3+ + 3e−
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Reduction Reaction Eo (V vs. SHE) a 

−  1.50 

Pt2+ + 2e− Pt 1.18 

Ir3+ + 3e− Ir 1.16 

Ir 1.16
Pd2+ + 2e−
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−  1.50 

Pt2+ + 2e− Pt 1.18 

Ir3+ + 3e− Ir 1.16 

Pd 0.95
Ag+ + e−
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−  1.50 

Pt2+ + 2e− Pt 1.18 

Ir3+ + 3e− Ir 1.16 

Ag 0.80
Rh3+ + 3e−
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Ir3+ + 3e− Ir 1.16 

Rh 0.76
Ru3+ + 3e−
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−  1.50 

Pt2+ + 2e− Pt 1.18 

Ir3+ + 3e− Ir 1.16 

Ru 0.45
Cu2+ + 2e−
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Reduction Reaction Eo (V vs. SHE) a 

−  1.50 

Pt2+ + 2e− Pt 1.18 

Ir3+ + 3e− Ir 1.16 

Cu 0.34
Ni2+ + 2e−
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Reduction Reaction Eo (V vs. SHE) a 

−  1.50 

Pt2+ + 2e− Pt 1.18 

Ir3+ + 3e− Ir 1.16 

Ni −0.25
Co2+ + 2e−
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3.1.1. Solvothermal Method

This method immerses the reactant in water or organic solvent, and then it reacts for a
period of time in a closed container at a specific temperature, which can effectively control
the structure and crystal phase of the nanomaterial. This solvothermal reaction has unique
advantages and broad application prospects. Under solvothermal conditions, the entire
system is in a state of high temperature and high pressure, the solvent is in a subcritical
state, and the solubility is enhanced, so the activity of the reactants is greatly improved,
and metastable phases that are difficult to obtain under normal pressure can be prepared.
The solvothermal reaction parameters are easy to adjust and the nanocrystals with higher
crystallinity and small size distribution can be effectively obtained. In addition, the growth
mode of nanocrystals is also related to crystal face selection reagents. Therefore, in the
solvothermal process, surfactant can be added to control the morphology of nanocrystals.
Different crystal planes have different atomic arrangements, and organic reagents and inor-
ganic ions have different adsorption capacities on different crystal planes, so nanocrystals
can be controlled to grow in a specific direction.

The general idea for the synthesis of water-soluble metal nanocrystals is to select ap-
propriate metal precursors (metal inorganic salt), hydrophilic solvents, surface ligands (e.g.,
PVP or CTAB) and morphology control agents (small inorganic molecule). For example,
Wu and co-workers successfully prepared Pt–Ni alloy (PtNi2) nanocrystals with uniform
size and morphology by solvothermal method [108]. The truncated octahedral nanocrystals
can be controlled by the ratio of aniline to benzoic acid, and PdNi2 nanocrystals could be
obtained by introducing the KBr in the system (Figure 7). Other bimetallic nanocrystals
(e.g., PdNi, PtCu, PdCu) were also obtained by the above method [108].

Figure 7. TEM (a), HRTEM (b) and HAADF-STEM (c) images of PtNi2 octahedrons and (d) corre-
sponding size distribution, TEM (e,i), HRTEM (f,j), HAADF-STEM (g,k) images of PtNi2 truncated
octahedrons and nanocubes, and (h,l) corresponding size distribution, respectively. Reproduced with
permission from [108]. Copyright American Chemical Society, 2012.

3.1.2. Oil Phase Method

When a high-boiling point solvent is used as a reaction medium, the metal precursor
can nucleate explosively above the decomposition temperature, so the nucleation and
growth stages can be better separated, which facilitates the preparation of nanocrystals
with uniform size and good dispersion. Before the temperature rises, the reaction system
can be evacuated; during the temperature rise and stability stage, an inert gas can be
used to fill the system in order to exclude oxygen. Therefore, for the oxygen-sensitive
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preparation reaction process, the oil phase high temperature method has advantages that
the hydrothermal reaction does not have. The high boiling point solvents are mostly long
alkyl chain surfactants, which have a strong ability to coat nanoparticles. Therefore, it
is necessary to eliminate the ligands on the surface before being applied to the catalytic
reaction to release the catalytic active sites. For example, our group prepared Pt2Ni
alloy@Pt nanocrystals (Figure 8) by using H2PtCl6· 6H2O and NiCl2·6H2O as precursors
and oleylamin as solvents and reducing agents [109]. Structure evolution of Pt2Ni alloy@Pt
architectures were investigated by varying the precursor ratio. When Pt/Ni ratios were
varied (1:2, 1:1, 2:1 and 3:1), the morphology of the products are shown as in Figure 8a–d.
The different shapes can be ascribed to the increasing Pt concentration and different
reduction potentials of Ni2+/Ni and Pt4+/Pt. The ORR performance exhibited that the
order of catalytic activity is PtNi2 < PtNi2@Pt < Pt2Ni < Pt2Ni@Pt.

Figure 8. The structure evolution of PtxNi1−x architecture: (a) PtNi2 (cubic), (b) PtNi2@Pt, (c) Pt2Ni
(concave-tetrahedral, (d) Pt2Ni@Pt. Reproduced with permission from [109]. Copyright Royal Society
of Chemistry, 2014.

3.2. Seed-Mediated Growth

Seed-mediated growth is an effective synthesis strategy to generate the bimetallic nanocrys-
tals with well-defined structures that are difficult to obtain by other methods [110–113]. For
example, bimetallic nanocrystals with core-shell or heterostructure could be easily syn-
thesized by this method. The conceptual diagram of these two structures obtained by the
seed growth method is shown in Figure 9. In this process, one metal is firstly synthesized
as a seed, and then the other metals are uniformly deposited on the seeds surface and
form a shell layer, resulting in a bimetallic nanocrystal with a core-shell structure; and
if the second metal is only deposited and grown in the special sites of seed crystals, the
bimetallic nanocrystal with a heterogeneous structure will be obtained. The seed-mediated
growth method was first put forward in 2001 by Murphy, who prepared Au nanorods by
using Au nanoparticles as seeds [114]. Soon after that, Xia’s group prepared Ag nanowires
by using Pt seeds [115]. In the next 10 years, the seed-mediated method was further ex-
panded to prepare other bimetals (Pt@Pd [28], Au@Ag [116], Pd@Ag [117], and so on). The
activation energy required for homogeneous nucleation is greater than that for growth.
Therefore, when the solution contains pre-added seeds, the second metal ions will nucleate
and grow heterogeneously on the seed surface after being reduced. This growth method
has two growth modes: conformal epitaxial growth and non-conformal epitaxial growth.
Different growth modes mainly depend on the reduction rate of metal ions, surface free
energy, metal bond energy, and the choice of crystal plane stabilizing reagents. Yang
and co-workers prepared Pt@Pd nanocrystals with different shapes (cubes, cuboctahedra,
and octahedra) by using cubic Pt seeds [28]. They demonstrated whether the crystal lat-
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tice matches determined the growth mode of the crystal (isotropic growth or anisotropic
growth). Lattice-matched Pd could produce conformal Pt@Pd core–shell nanocrystals,
but Au grows anisotropically on the surface of Pt seeds due to distinctly different lattice
parameters of Au and Pt. In addition, they found that the growth rates along different
crystal directions could be altered by introducing NO2 into the reaction system and Pd
(100) direction grows faster than that of Pd (111). This may be ascribed to the fact that
Pd catalyst could dissociate NO2 to generate NO and atomic oxygen, and Pd (111) will
adsorb dissociative oxygen and lead to partial passivation. After more than 10 years of
hard work, this method has been widely used to prepare bimetallic nanocrystals with a
core-shell structure. For example, our group synthesized Pd@Rh bimetallic nanocube by
using Pd nanocube as seeds [118], and PdRh hollow nanoframes were obtained by etching
Pd@Rh nanocube in HNO3 aqueous solution (as shown in Figure 10).

Figure 9. Schematic diagram of synthesis process by seed-mediated growth method.

Figure 10. Schematic diagram of synthesis process by seed-mediated growth method. (a,b) TEM
images and (c) HRTEM image of the PdRh bimetal SC. (d,e) High-resolution element line scan and
(f) surface scan of the PdRh bimetal SC. (g) Structure model of PdRh SC. Reproduced with permission
from [118]. Copyright American Chemical Society, 2020.

3.3. Thermal Decomposition

The principle of thermal decomposition is to heat organic metal compounds and
decompose them to obtain metal nanoparticles. It is usually suitable for the preparation
of metal nanoparticles with low reduction potential, and the method is a typical strategy
for obtaining highly monodisperse nanocrystals. The thermal decomposition method was
first proposed by the Thomas research group and used to prepare Ru-based bimetallic
nanoparticles (RuPt, RuPd, RuSn and RuCu) [119]. Similar to the chemical reduction
method, the composition, morphology and size of bimetallic nanoparticles prepared by
thermal decomposition method are greatly affected by the proportion of metal precursors,
the type of surfactant, solvent, reaction temperature and time.

Thermal decomposition has been demonstrated a simple and effective synthesis
method to prepare various types of nanocrystals including mono- and bimetallic, and
metal−oxide. It is known that the metal ion with relatively low reduction potential (such
as Fe, Co, and Ni in Table 2) is difficult to reduce by chemical reduction method [120–122].
However, thermal decomposition can easily solve this problem. In the process of preparing
bimetallic nanocrystals by the thermal decomposition method, some commonly used metal
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precursors mainly include the carbonyls (M(CO)x) and acetylacetonates (M(acac)x) [123,124],
which could be easy to decompose under moderate conditions.

If the metal precursor is composed of two different metal complexes and their decom-
position temperatures are quite different, the required alloy structure may not be obtained
by direct pyrolysis. For example, Bönnemann and co-workers synthesized a series of Fe-Co
nanocrystals by the simultaneous thermal decomposition of Fe(CO)5 and Co2(CO)8 in
tetrahydronaphthalene [125]. Due to the different decomposition temperature between
Fe(CO)5 (200 ◦C) and Co2(CO)8 (150 ◦C), their reaction rates were obviously different
under the same condition. When the reaction temperature was 180–200 ◦C, monometallic
nanocrystals (Co and Fe) were obtained as a result of the faster decomposition rate of
Co2(CO)8 than Fe(CO)5. However, Fe-Co alloy could be obtained in the presence of alu-
minum trialkyl as catalyst at 150 ◦C. Therefore, when the pyrolysis temperature of the two
metal precursors is quite different, it is necessary to introduce the corresponding catalyst
to achieve the preparation of bimetallic alloy nanocrystals.

Although the large difference between the pyrolysis temperatures of the two metal
complexes is not conducive to the preparation of bimetallic NPs, the existence of this
difference also makes it possible to prepare core-shell bimetallic NPs by thermal decompo-
sition method. The core-shell bimetallic NPs can be obtained by a thermal decomposition
method. Firstly, the reaction is carried out at the lower decomposition temperature (lower
temperature) of the more unstable metal complex to obtain the “core” layer of single
metal nanoparticles, while the other more stable metal complex remains unchanged in
the reaction system. Then, the reaction temperature is increased or the reaction time
is prolonged to make the more stable metal complex decompose. The metal atoms are
deposited on the surface of the single metal nanoparticles formed to obtain core-shell
bimetallic nanoparticles.

3.4. Galvanic Replacement Reaction

As a good way to produce bimetals with special structure, the galvanic replacement
reaction is an electrochemical process in which one metal is replaced by another metal ion
due to their different reduction potential in the reaction system. In essence, the reaction is
also an oxidation–reduction process. Metal (C) with high potential can be easily oxidized.
Metal ions (D+x) with low reduction potential are difficult to reduce by chemical reduction
method, but can be reduced by metal C. Therefore, the method is usually suitable for
preparing the inactive metal nanocrystals using an active metal as the template. Xia’s
research group have prepared a lot of bimetals including one active metal and one inactive
metal by the galvanic replacement reaction [126,127]. They used Ag as a template, and a
salt solution of Au, Pt, and Pd as precursors, to prepare hollow nanoparticles of Au, Pt, and
Pd by a galvanic replacement reaction at a certain temperature [126], and the schematic
diagram of reaction process are displayed in Figure 11. The nanostructure of Ag used as a
template will affect the morphology and wall thickness of Au nanocrystals. The metal with
strong reducibility acts as a template to some extent. In addition to Ag, many other metals
can also be used as templates, such as Pd [128], Ni [129,130], Co [129,131,132], Pb [129],
Cu [133], Se [134] and Te [135]; For example, Mikhlin and co-workers [126] firstly made Pd
(a metal with relatively high reducibility) nanoparticles with a specific configuration, and
then placed it in a solution of Au3+ with a higher oxidation potential. Au3+ will be reduced
to zero valence (Au0) and then deposited on the Pd NPs surface, thereby forming Pd-Au
nanocrystals with the core-shell structure.
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Figure 11. Schematic diagram of the experimental procedure that prepared hollow Au nanocrystals
by using Ag nanocrystals with various morphologies as templates. Reproduced with permission
from [126]. Copyright American Chemical Society, 2002.

3.5. Other Methods

Thanks to the nanoengineering technique, the morphology and microstructure of the
nanoparticles can be precisely controlled. In addition to the four methods we mentioned
above, there are some other synthetic protocols to prepare bimetals with well-defined
shapes, such as hard or soft template methods, combustion synthesis, hydrothermal treat-
ment, the combination of the two approaches and so on. These methods have their own
advantages and disadvantages in preparing bimetallic nanocrystals with different special
structures. The advantages and disadvantages of the four most common methods for
preparing bimetallic nanocrystals are shown in Table 3.

Table 3. Advantages and disadvantages of different methods for preparing bimetallic nanocrystals.

Synthesis Method Advantages Disadvantages

Co-reduction
(i) Simple synthesis process

(ii) Easily control composition
(iii) High yield and low cost

(i) The overuse reducing agent
pollutes environment

Seed-mediated growth

(i) Tunable size, shape, and
composition

(ii) Facile and wide
applicability

(i) Complicated synthesis
process

(ii) Time- and cost-consuming

Thermal decomposition

(i) Facile, time-saving and
highly efficient

(ii) controllable composition,
size and morphology

Limited metal precursors
(only some organometallic

precursors)

Galvanic replacement reaction

(i) Easily prepare hollow
bimetallic nanostructure
(ii) controllable size and
morphology of Ag seed

(i) Complicated synthesis
process

(ii) Time- and cost-consuming

4. Applications of Bimetallic Nanocrystals

Bimetallic nanocrystals have been widely used in many important fields from sci-
ence to technology [16,17,136–138]. In comparison to single metal nanocrystals, bimetallic
nanocrystals possess many unique properties due to the adjustable composition, control-
lable morphology and variable electronic structure, so they also have many practical and
potential applications including catalysis, sensing, biodetection, biomedicine, and so on.
For biomedicine, because biological systems are complex, the use of biomaterials are also
strict, which requires not only biological activity and biocompatibility, but also requires
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that the harmful effects after use can be easily eliminated. Considering these factors,
single metal nanocrystals usually cannot meet the requirements, while multi-functional
bimetallic nanocrystals are more suitable for biomaterial applications. In addition, Pt
catalyst has been proved to have excellent catalytic performance for ORR and methanol
oxidation reaction (MOR). However, the reserves of Pt and Ir in earth are limited, and
the catalytic performance of pure Pt catalyst is not perfect either. Therefore, the introduc-
tion of the second metal to form bimetallic nanocrystals is a good solution for improving
some important chemical reactions (MOR, ORR and OER). With the development of syn-
thetic bimetallic nanoparticles technology, the micro morphology, carrier properties and
composition of bimetallic nanoparticles can be adjusted according to the requirements
of different chemical reactions for catalyst activity to obtain the best catalytic activity. In
the chemical reactions with important industrial application, a slight improvement in
activity, selectivity and stability can bring considerable economic savings. In this section,
we have summarized several important applications of bimetallic nanocrystals, such as
electrocatalysis, heterogeneous catalysis, sensing and biodetection application, and the
composition-dependent and shape-dependent properties of bimetallic nanocrystals in these
applications are also discussed.

4.1. Catalytic Applications

Bimetallic nanocatalysts have been widely used in solution electrocatalytic reactions,
such as methanol electrooxidation, hydrogen electrooxidation, and oxygen reduction
reaction and so on. At the same time, they are often used to catalyze heterogeneous
reactions, such as CO oxidation, NOx reduction, and petroleum reforming and so on. The
applications of bimetallic nanocrystals in heterogeneous catalytic reactions such as anode
and cathode of fuel cells are briefly introduced.

Electrocatalysis

1. Oxygen Reduction Reaction (ORR)

The polymer electrolyte membrane fuel cell (PEMFC) is expected to become one
of the alternative energy sources for fossil fuels. However, its large-scale application is
mainly limited by the kinetics of cathodic reaction, i.e., ORR, including the existence of
cathodic overpotential and the loss of catalyst in the process of cathodic reaction [139]. The
catalyst should have enough activity to activate O2 and enough inertia to prevent itself
from being oxidized. Compared with Fe, Co, Ni, Ag, Au and other metals, Pt has higher
active sites and moderate adsorption and desorption energies for OH, O and other cathode
intermediate products, so it is an excellent catalyst for the ORR reaction [140–143]. Because
Pt is a noble metal, and the loss of Pt in the catalytic process is serious, looking for a Pt
based alloy with high activity and good stability to replace pure Pt has become a research
hotspot in the development of fuel cells. For example, when Pt is alloyed with 3d transition
metals, it can not only reduce the cost of catalyst, but change the d-band electronic structure
of surface Pt atom by electron transfer and improve the catalytic performance [144].

For the ORR reaction, the catalytic activity of Pt based alloy is not only related to the
composition, but also to the exposed crystal surface. The atoms on different crystal planes
have different coordination conditions. The difference of coordination number leads to
different electronic filling degree of metal d-band, leading to a different adsorption capacity.
For instance, Stamenkovic and co-workers investigated the relationship of ORR activity
and different Pt3Ni single-crystal surfaces by using the ex situ and in situ surface-sensitive
probes and DFT calculations, and found that the ORR activity on Pt3Ni (111) facet was
10-fold higher than that of Pt (111) facet, and 90-fold higher than that of commercial Pt/C
catalyst at that time [139]. The significantly improved performance of the Pt3Ni (111)
facet was proved to be due to the special electronic structure and weak interaction of Pt
atoms on the surface, which increased the number of active sites. After that some PtNi
nanostructures were prepared, such as PtNi/Pt-skins [140], Pt3Ni octahedral [145], Pt3Ni
truncated octahedral [146], Pt3Ni icosahedra [147], PtxNi1−x octahedral [148], and the Pt3Ni
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nanoframe [149,150]. According to the Nørskov’s study [141], the reaction activity of ORR
depends largely on the energy change during the formation of hydrogen peroxide and the
kinetic process during the formation of water. When the ability of adsorbing O2 and O is
strong, the ability of desorbing OH is weak. The desorption of -OH is the decisive step
of ORR. For instance, Xia and co-workers [69] prepared Pd@PtnL core shell catalysts with
different platinum overlayers (n = 0.7–4.3) by using Pd icosahedra as seeds (Figure 12), and
specific activities and mass activities of Pd@Pt2.7L catalyst to ORR were improved by eight
and seven times, respectively, in comparison to a commercial catalyst. Moreover, Density
functional theory (DFT) calculations demonstrated that the improvement could be ascribed
to the weakened binding of hydroxyl to Pt surface growing on Pd (Figure 12g). Chuang [56]
prepared PtFe nanocatalysts for electrochemical ORR, and found that ordered fct-PtFe/C
catalyst coated with an N-doped carbon exhibited 11-fold mass activity and 10-fold specific
activity compared with the commercial Pt/C, and exhibited excellent long-term stability.

Figure 12. (a) TEM and (b) HAADF-STEM images. Scale bar, 20 nm. (c) Atomic-resolution HAADF-
STEM image Scale bar, 2 nm. (d) HAADF-STEM image of Pd@Pt2.7L icosahedra and the corre-
sponding mapping of Pd and Pt. Scale bar, 5 nm. (e,f) Atomic-resolution HAADF-STEM images
corresponding to (c) revealing the detailed arrangements of Pd (green dots) and Pt atoms (red dots).
Scale bar, 1 nm. (g) The catalytic activity of PtnL/Pd(111)ico to ORRs according to the result of DFT
calculations. Reproduced with permission from [150]. Copyright Springer Nature, 2015.

Pt-based catalysts with nanoframes exhibited excellent ORR activity due to the high
atomic efficiency. Luo [151] reported that PtCu concave octopod nanoframes, rhombic
dodecahedral (RD) nanoframes, and Pt–Pd–Cu yolk-shell nanoframes (Figure 13a–c) were
prepared by altering the type of precursor, halide ion sources and adjusting the reduction
order of the precursor. And the octopod nanoframe architectures showed high mass activity
of 2.95 A mgPt−1, which was a 47-fold enhancement in comparison to the commercial TKK-
Pt/C catalyst (Figure 13d). The significant improvement can be ascribed to the 3D porous
structure, high-index facets, and a large number of active sites exposed on grain boundary
edges. As shown in Figure 13e–h, Lee prepared the dendrite-embedded Pt−Ni multiframes
by a facile one-pot method, and ORR performance demonstrated that dendrite-embedded
Pt−Ni multiframes had high mass activity and catalytic stability, which can be ascribed to
the active surface with high-indexed facets, porous hierarchical structure, and the synergy
between the inner dendrite core and highly fused multiframes on the surface [152].
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Figure 13. HAADF-STEM images of various PtCu nanoframes. (a) concave octopod, (b) rhombic
dodecahedral, (c) PtPdCu yolk-shell, (d) comparison of ORR mass activities at 0.9 V RHE of various
catalysts before and after cycling tests for 10,000 cycles in 0.1 m HClO4. Reproduced with permission
from [151]. Copyright Wiley-VCH, 2016. (e) HRTEM image of the Pt−Ni multiframes. (f) Enlarged
HRTEM image. (g) HAADF-STEM image and the corresponding elemental mapping. (h) ORR
polarization curves and mass activities (inset) of the Pt−Ni multiframes/C catalyst. Reproduced
with permission from [152]. Copyright American Chemical Society, 2018.

2. Methanol Oxidation Reaction (MOR)

A methanol fuel cell has high energy density and proton exchange membrane has
high conductivity. Therefore, methanol fuel cell is considered as a promising cell with
potential application, and is increasingly favored by chemical and material researchers.
Transition metals, particularly Pt-based metals, are commonly used as catalysts of anode
and cathode reactions in fuel cells. At present, the electrocatalytic methanol oxidation
(MOR) is often used as a probe reaction to evaluate the comprehensive performance of
metal catalysts. CO is the intermediate product of methanol oxidation, which easily causes
catalyst poisoning and the loss of catalytic activity. Pt–Ru alloy is proved to be an efficient
catalyst for methanol fuel cell because Ru can promote the formation of Ru-OH at lower
potential, and Pt can regain the adsorption sites and promote the oxidation process of
methanol. According to the Watanabe–Motoo (W–M) mechanism, the OH- is adsorbed
at the Ru site (Ru-OH), and the intermediate product of COads formed at the Pt site. Ru
can oxidize the formed COads and avoid Pt active site poisoning. However, Tong and
co-workers proposed another mechanism by their experimental results [153], in which the
MOR occurs at the Pt–Ru boundary site, not a single metal site (Pt or Ru). In addition, the
activation region of a PtRu catalyst is usually performed before the MOR [154].

PtPd and PtRu catalysts with different shapes and structure have been proved to
be effective catalysts for MOR, because Pd and Ru can change the electronic structure of
Pt [15,39,155,156]. In addition, PdPt nanocrystals also exhibited facet and composition-
dependent catalytic activity for MOR. For instance, the PtPd nanocubes (exposed (100)
facet) exhibited a higher activity than PtPd nanotetrahedrons (exposed (111) facet), whereas
the (111) facet exhibited a better durability than (100) [26]. As shown in Figure 14, Yang
and co-workers [156] prepared two kinds of Pd@Pt core–shell dendritic nanostructures
(hexapod and octapod) by the seeded growth method for MOR. The result showed that
hexapods possessed the highest specific and mass activity, and the best catalytic stability
compared with octapod and the commercial Pt/C catalyst. In addition, two kinds of
Pd@Pt core–shell dendritic nanostructures displayed a significantly improved catalytic
performance in comparison to the commercial Pt/C, which was supposed to be due to
the dendritic nanostructure and the synergy between Pd and Pt. Our group synthesized
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PtRh alloy 3D porous nanostructure with tunable atomic ratio (Pt and Rh) by a modified
template-free self-assembly approach [157]. Three-dimensional porous nanostructure PtRh
with a moderate Rh content (~15 wt%) exhibited high electrochemical activity and good
anti poisoning performance for MOR compared with the commercial Pt/C and PtRh NPs.
The unalloyed Rh atoms would result in a self-adjusted dissolution capability of PtRh
catalysts by the dissolution of Rh atoms. In addition, the formation of Rh oxide in the initial
50 cycles played a significant role in enhancing the electrocatalytic activity for methanol
oxidation. On the other hand, the activity of the catalyst depended not only on the exposed
crystal surface, but also on the morphology of the particles. Pt–Pd nanodendrites [158], Pt–
Pd nanocages [159], and Pt–Pd hollow core-shell structure were reported to be the effective
catalysts for MOR. In order to save the usage of noble metals and improve the stability and
durability, tertiary metals catalysts were also developed such as PtPdTe nanowires [160],
PtPdFe nanowires [161], PtPdNi nanoarchitectures [162], and PtRuM (M = Fe, Ni, Co) [163].
Therefore, the synthesis of tertiary Pt-based nanocrystals should be a promising scheme to
design efficient catalysts for MOR.

Figure 14. (a) TEM, (b) HAADF-STEM-EDX mapping images of the Pd@Pt octapod. (c) HAADF-
STEM image and the corresponding mapping image, (d) EDX line-scan profile image of the Pd@Pt
hexapods. (e) The comparison of specific and mass activity of the different catalysts (f) Current–
time curves for methanol electro-oxidation of these three catalysts. Reproduced with permission
from [156]. Copyright Royal Society of Chemistry, 2017.

3. Oxygen Evolution Reaction (OER)

Energy storage is a particularly important field to improve the utilization of renewable
energy because it is difficult to use renewable energy anytime and anywhere [164]. Water
decomposition has attracted a large number of researchers’ interest [137,165,166], which
can convert electrical energy into chemical energy. However, water electrolysis is a demand-
ing reaction due to the large overpotential at the OER [167]. In addition, the activity and
stability of some catalysts to OER (RuxIr1−x alloys [167], SrRuO3 [168]) demonstrated an
inverse relationship. Although Ir and Ru were proved to be the best catalysts for ORR, the
cost is high due to the fact that they are rare metals. In order to obtain an excellent catalyst,
the activity, stability and cost of catalysts should be balanced. Therefore, Ir-based bimetallic
nanocatalysts with transition metals (Ti [169], Ni [90,170], Cu [171,172]) will be a good
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strategy to balance these factors. For examples, Huang et al. [90] constructed monodis-
persed IrNix nanocrystals with distinct composition-segregated features (Figure 15a,c) and
investigated their structural evolution in various OER environments. They found that Ni of
IrNix nanocrystals could migrate in various OER environments, and an Ir-skin framework
was generated in an acidic electrolyte, while a Ni-rich surface layer was observed in an
alkaline electrolyte. The Ni migration played a significant role on enhancing the catalytic
activity for MOR. Moreover, they synthesized solid Ir-Cu nanocrystals by a facile chemical
dealloying strategy and then porous Ir-Cu nanocrystals were obtained through etching
with nitric acid. The porous Ir-Cu nanocrystals were highly active and stable toward OER
in acidic conditions due to the increased active surface area and plenty of defect. Our
group prepared IrNi alloyed nanocrystals by oil phase method for OER. The result showed
that IrNi alloyed nanocrystals could enhance OER activity of flower-shaped NiCo2O4
electrode material [173]. IrNi/NiCo2O4 exhibited a relatively lower overpotential and a
higher current density, which was ascribed to the synergic effect of the IrNi and NiCo2O4
and high catalytic activity of IrNi alloy.

Figure 15. (a–d) Surface structural evolution of the IrNix-P catalysts and Current densities of IrNix-P.
Reproduced with permission from [90]. Copyright American Chemical Society, 2018. (e–i) TEM
image and STEM-EDX mappings of P-IrCu1.4, and polarization curves of S-IrCux nanocrystals and
P-IrCux nanocrystals. Reproduced with permission from [172]. Copyright American Chemical
Society, 2018.

4.2. Heterogeneous Catalysis

Heterogeneous catalytic reactions involve many physical and chemical transforma-
tions including the diffusion of reactant molecules in the pore, adsorption on the surface,
reaction on the surface of the solid catalyst, desorption and diffusion of product molecules.
For the catalyst, the adsorption center is often the catalytic active center. The relation-
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ship between catalytic performance (i.e., activity, selectivity, and durability) and catalyst
properties, composition, size, and shape (more precisely, facet type) of the catalyst has
been studied intensively for many years. With the development of synthesis technology of
bimetallic NPs, the micro morphology, carrier properties and composition of bimetal can
be adjusted as the requirements of different chemical reactions for catalyst activity to obtain
the best catalyst. It lies in the subtle change of catalytic activity and selectivity in chemical
reactions with important industrial applications. Therefore, as a design platform of high
activity catalysts, bimetallic nanoparticles have great potential in the field of catalysis. Re-
cently, a variety of bimetallic catalysts have been designed and applied to different types of
chemical reaction, such as CO oxidation [174], hydrogenation/dehydrogenation [175–177],
coupling reactions [178,179] and H2 evolution reaction (HER) [180–182], and showed su-
perior catalytic activity. The composition, size, and morphology of a bimetallic catalyst
has a great effect on its catalytic properties. In order to better understand the relationship
between the structure and properties of bimetallic catalysts, two important types of reaction
including H2 evolution reaction and carbon carbon coupling reaction will be discussed
in detail.

Catalytic or photocatalytic hydrogen production is an effective means of energy re-
generation and storage today. Generally speaking, hydrogen storage materials are mainly
small molecules, such as sodium borohydride, hydrazine, lower alcohols and borohydrides,
hydrides (LiH, MgH2, AlH3) and so on. It has been reported that the common hydro-
gen production catalysts are Ni-based catalysts (PtNi [181,183], RhNi [182], IrNi [184],
PdNi [180,185], FeNi [186] and CoNi [187]), especially Rh-Ni and Pt-Ni alloy catalysts,
which have the best activity and selectivity. Moreover, the composition and morphology of
the alloy catalyst have a great influence on the performance of the catalyst. For example,
Mao and co-workers [180] prepared PdNi hollow alloy with different stoichiometry by a
galvanic replacement method for photocatalytic hydrogen evolution, and the order of the
hydrogen generation rate is Pd1Ni1 > Pd2Ni1 > Pd1Ni2 > Pd. The enhanced performance
can be ascribed to the stronger interaction between Pd1Ni1 hollow NPs and CdS than
other alloys. In addition, recently the development of multi-element alloys and non-noble
metal alloys have been proven to be a good way to solve the high cost and stability prob-
lems of noble metal catalysts [188,189]. Wang and co-workers investigated the catalytic
performance of bimetals (PtCo and PtNi) and ternary alloy (PtNiCo) catalysts for hydro-
gen production, and the result showed that the PtNiCo catalyst exhibited excellent HER
performance, superior to PtNi, PtCo and commercial Pt/C catalysts [188].

The carbon–carbon coupling reaction is an important kind of carbon increasing reac-
tion, including Sonogashira-, Ullmann-, Suzuki coupling, etc., which plays a significant role
in medicine, biochemistry and other industries. The research demonstrated that Pd based
nanoparticles exhibited high catalytic activity for the carbon–carbon coupling reaction, and
the component really played the catalytic role was zero valent Pd [190–192]. However,
these coupling reactions are only carried out on the surface of nanoparticles, and most
of the remaining Pd is wasted. Therefore, how to improve the utilization rate of Pd and
reduce the amount of Pd used in this process is a challenging problem. The introduction
of iron series elements (Fe, Co, Ni) into a Pd system can not only reduce the cost of the
catalyst, but change the activity and selectivity of the catalyst by adjusting the electronic
structure. The Hyeon group synthesized the Pd-Ni NPs with a Ni-rich core/Pd-rich shell
structure by thermal deposition method, and the Pd/Ni NPs displayed higher catalytic
activity and better recycling performance than pure Pd NPs. PdCo alloyed NPs displayed
high catalytic activity to the Sonogashira coupling reaction, and the addition of Co could
not only make the catalyst easier to recycle but be reused several times without signifi-
cant loss of activity. In addition to increasing the composition, the preparation of PdM
bimetal with special structure can also improve the catalytic performance. For example, Xia
and coworkers [193] prepared the core–shell-like catalyst Ni-Pd/CB for Suzuki–Miyaura
coupling reaction and the catalytic performances was enhanced significantly under mild
aerobic conditions without using toxic solvents. In addition, the Ni core not only make the
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catalyst have magnetically separable ability, but also greatly improves the utility of the
Pd element.

4.3. Energy Conversion Applications

CO2 is one of the most widely existing carbon sources in nature, but it is also the lowest
energy form of carbon. Absorption and capture of CO2 and catalytic reduction of CO2 to
high value-added compounds are also the means of conversion and utilization of CO2. The
most mature industrial application of fixing CO2 by chemical method is to produce urea,
ammonium bicarbonate and other fertilizers. However, the research on conversion of CO2
to other high value-added carbon containing small molecular compounds, such as hydro-
genation to alkanes, olefins and other fuels, or to medium acid, ethanol and other chemical
products, has not been extended to large-scale applications. The application of this process
mainly depends on the development of high catalytic performance and low-cost catalysts.
The preparation of CO, HCOOH, CH3OH, CH4, C2H6 and other organic hydrocarbon small
molecular compounds by the electrochemical catalysis of CO2 have attracted the attention
of researchers as a promising method for large-scale energy storage (power storage) of
solar energy and wind energy due to its relatively mild conditions, strong controllability
and high yield per unit area (compared with a direct photocatalytic method). At present,
the catalytic conversion methods of CO2 are widely studied, including photocatalytic
reduction, chemical catalytic reduction and electrochemical catalytic reduction.

Based on the continuous understanding of the properties of a single metal material,
following Kuhl’s research idea of adjusting the CO binding energy of alloy materials
to improve the catalytic activity and product selectivity, a large number of metal alloy
materials have been used to catalyze the reduction of carbon dioxide in the last five years.
The combinations of alloy materials mainly include noble metal noble metal, noble metal
non noble metal and non-noble metal non-noble metal, which are controlled by material
composition. Christopher and co-workers [194] prepared PdyAu(1-y) alloy (y = 0, 0.25, 0.45,
0.8) thin film and investigated their performance for the electrocatalytic reduction of CO2.
And the result showed that all AuPd alloys had higher activity and better selectivity for
formate than single Au or Pd. The improved performance of AuPd alloy was attributed to
yield new electrocatalytic properties due to synergistic effect of gold and palladium.

Compared with the alloy materials with noble metal components, the bimetallic
materials formed by two kinds of non-noble metal can also obtain high catalytic activity
and selectivity if the size, shapes and compositions could be reasonably designed. For
example, Abdesslem [195] reported that CuIn alloy were obtained by reducing CuInO2 and
used to electrocatalytic reduction of CO2. The performance results showed that CuIn alloy
catalyst had high catalytic activity and selectivity for CO2 reduction, which was ascribed to
the generation of active sites that convert CO2 to CO. Noble metal Pd is a good catalyst for
CO2 reduction, but it is easily poisoned by CO. The synthesis of Pd-based alloy catalysts
is a good solution to overcome the problem. For example, Toshihiro [196] synthesized
PdCu bimetallic catalysts and studied the influence of the catalyst composition on the
CO2 reduction activity and the selectivity. The result showed that high Pd/Cu ratio led
to production of formate rather than hydrogen, and PdCu exhibited excellent stability for
CO2 reduction with a small overpotential due to the electrical interaction between Pd and
Cu [196].

4.4. Sensing Applications

A sensor is a detection device, which can selectively recognize the target information
and transform the information into electrical signal or other measurable signal according
to certain rules. Under normal conditions, bimetallic NPs can be designed and obtained to
express their unique properties of each metal. Therefore, a lot of effort has been devoted
to preparing and developing bimetallic nanocrystals with well-defined structure (such as
facets, atomic order and spatial arrangement). Thanks to the efforts of scientific researchers,
many groups have already synthesized a large number of different bimetallic nanocrystals
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to meet people’s different needs. It is a fact that bimetallic nanocrystals have been widely
used in many important fields because of their excellent properties, such as catalytic
properties, optical properties, localized surface plasmon resonance (LSPR), photocatalytic
properties and magnetic properties. etc. More importantly, the modification and doping
of bimetallic nanocrystals especially noble metals (Pd, Pt, Au, Rh, and Ag) have been
proved to be among the most effective ways to reduce the operating temperature of sensors,
enhance the response of target gases and improve the selectivity of sensors.

4.4.1. Metal Oxide Semiconducting (MOS) Sensors

Semiconducting gas sensors are composed of sensors with semiconducting metal
oxide materials as the main materials like SnO2, ZnO, WO3. etc. After nearly 60 years of
development, great progress has been made in the mechanism and materials, especially in
the response value and selectivity. The modification and doping of bimetals have played a
very significant role in improving their gas-sensing properties. For example, due to the
complex detection environment, the diversity of gas molecules, and the characteristics
of semiconducting gas-sensing materials, it cannot accurately distinguish different gases
like acetone, ethanol, formaldehyde that have similar properties in the application, which
is an urgent problem to overcome. The stability of semiconducting gas sensor is also a
problem. Whether the sensors can detect the target gas stably is related to the produc-
tion as well as life. However, owing to the development of science and technology, the
modification and doping of bimetallic nanocrystals can solve this problem much better
than ever before. Because different metals have different properties, we can design and
custom-made the bimetallic nanocrystals structure and morphology of materials according
to the requirements, so as to better solve the problem of selectivity.

Bimetallic nanocrystals are expected to lower the operating temperature of the sensor
and show some new properties. The research work of our group shows that gas sensors
with dual selectivity can be obtained by decorating bimetallic nanocrystals on the surface
of metal oxide semiconductor. For example, PdAu/SnO2 composite was prepared by
decorating pre-synthesized PdAu nanocrystals on the surface of SnO2 NSs [197]. The re-
sponse to acetone and formaldehyde were greatly improved by the decoration of bimetallic
nanocrystal PdAu. At the same time, we found that the gas sensing material had double
selectivity to different gases at different temperatures. At 250 ◦C, the response to 50 ppm
acetone was 109, and the selectivity and stability to acetone were very good. When the
temperature was 110 ◦C, the response to 50 ppm formaldehyde was 86, showing a good
stability and sensitivity. Later, our group prepared bimetallic nanocrystals to detect coal
mine gas. As shown in Figure 16a–d, PdPt NPs displayed good dispersion with a narrow
size distribution from 2 to 3.5 nm (mean size = 2.7 nm). The sensing performance demon-
strated that a PdPt bimetal-functionalized SnO2 nanosheets sensor could detect carbon
monoxide at 100 ◦C and methane at 320 ◦C (Figure 16g,h) [198].

4.4.2. Electrochemical Sensors

The mechanism of electrochemical sensors is based on ionic conductivity to the elec-
trode and electrochemically active species, which can be oxidized or reduced on the
electrode surface. Due to the economic benefits, simple operation, high selectivity and sen-
sitivity, the research and application fields of electrochemical sensors continue to expand.
Research in this field is still focused on new sensing strategies, especially on enhancing
specificity, detection limit and response time. Nanomaterials are widely used in elec-
trochemical sensors. One significant point is the research and application of bimetallic
nanocrystals, which play a significant role in the development of electrochemical sensors.
Due to electronic and synergistic effects, electrochemical sensors based on bimetals usu-
ally exhibit higher sensitivity and better selectivity than either of the two metals. For
many years, scientists have been committed to the research and development of various
electrochemical sensors, among which the electrochemical gas sensors based on bimetals
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have also been booming. Many electrochemical sensors are called electronic tongues, and
research focuses on the development of liquid sensors and chemometric analysis of data.

Figure 16. (a,b) TEM images and (c) HRTEM image of PdPt bimetal (inset (b) is the particle size
distribution), (d) HAADF-STEM image, corresponding EDS mapping for (e) Pd, (f) Pt, selectivity
of the obtained sensors on exposure to 1000 ppm methane and 50 ppm other gases at different
working temperatures (g) 100 ◦C and (h) 320 ◦C. Reproduced with permission from [198]. Copyright
American Chemical Society, 2019.

Owing to their simplicity, low energy consumption and the ease with which they can
be miniaturized, electrochemical sensors are very suitable for the development of portable
sensing devices. Up to now, bimetallic nanocrystals have been applied and tested for many
kinds of substances, such as hydrogen peroxide, uric acid, heavy metal ions, and glucose
and so on. Many research groups, including us, have done some meaningful works in
this field [199–203]. For example, PtW/MoS2 composite were prepared by in-situ growing
on the surface of as-obtained MoS2 NSs (Figure 17a,b) [199]. The electrocatalytic mea-
surements showed that PtW/MoS2 exhibited considerable catalytic performance towards
reduction of H2O2, and the real detection limit was determined as 5 nM (Figure 17c,d). In
addition, PtW/MoS2 also displayed good anti-interference capability (dopamine, paraceta-
mol, NO3−, K+, hemoglobin). As shown in Figure 17e, the monodisperse AuM (M = Pd,
Rh, Pt) alloyed nanoparticles were obtained with narrow size distribution and the sensing
performance for H2O2 was investigated [200]. Compared with single metal nanoparticles
(Au, Pd, Pt and Rh), the electrocatalytic abilities of AuM (M = Pd, Rh, Pt) bimetals to H2O2
were improved remarkably. In particular, the AuPd nanoparticles displayed an enhanced
sensitivity at a relatively low test potential and good anti-interference capability to AA.



Nanomaterials 2021, 11, 1926 24 of 37

Figure 17. (a) TEM image of PtW nanocrystals, STEM image of random selection of several PtW
nanocrystals and corresponding element maps; (b) TEM image of PtW/MoS2 nanocomposite; (c)
Ultra-sensitive responses of PtW/MoS2 nanocomposite material towards successive addition of
H2O2 at an applied potential of 0.25 V vs. SCE. Inset is the blow-up of low concentration region. (d)
The detection limit of PtW/MoS2 nanocomposite material. Reproduced with permission from [199].
Copyright Elsevier, 2016. (e) TEM images of AuPd, AuRh, AuPt and Au nanocrystals; (f) Current–
time responses to pure H2O2 (black line) and the mixture of H2O2 with AA (red line) for AuPd,
AuRh, AuPt (0.35 V vs. SCE) and Au catalysts (0.45 V vs. SCE). Each injection of pure H2O2 was
0.25 mM, each injection of mixture containing 0.25 mM H2O2 and 5 mg/L AA. Reproduced with
permission from [200]. Copyright Elsevier, 2015.

4.4.3. Catalytic Combustion Gas Sensor

The catalytic combustion gas sensor is based on the thermal effect principle of catalytic
combustion. It is composed of detection elements and compensation elements to form
a measurement bridge. Under certain temperature conditions, the combustible gas will
burn flameless on the surface of the detection element carrier and under the action of
the catalyst, the carrier temperature will rise, and the platinum wire resistance inside it
will rise accordingly so that the balance bridge will lose balance, and output an electrical
signal proportional to the concentration of combustible gas. Among them, the doping
and modification of bimetallic nanocrystals is a good solution to improve the performance
of gas sensing materials, which can greatly improve their performance. Li and cowork-
ers [204] prepared PdO/Pt-loaded mesoporous Al2O3 film for application in methane
catalytic combustion. The sensing performance exhibited a short response time (<9 s) at
the concentration of 10–90% LEL, and a high signal output (4.3 mV) for pre-alarm 10%
LEL concentration. More importantly, the power consumption of this sensor was as low as
25 mW, which was much lower than the power of traditional sensors (~120 mW).

4.5. Biodetection Applications

Biodetection application of bimetals mainly utilizes some special properties of precious
metals such as surface plasmon resonance (SPR) and surface-enhanced Raman scattering
(SERS) [205,206]. SPR is an optical phenomenon, which applies to a collective oscillation of
free electrons in the conduction band when excited by the incident light. Therefore, the SPR
phenomenon can be used to track the interaction between biomolecules in natural state in
real time. Plasmonic metals are mainly Au and Ag. In addition, the chemical and physical
properties of bimetals are more adjustable than that of a single metal. Biosensor-based
bimetallic NPs have potential applications in both research and practical uses due to better
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sensitivity and selectivity. SERS is a phenomenon in which Raman scattering is enhanced
when the target molecules are excited in the proximity or on the surface of roughened
metal substrate. In this section, we mainly introduce the state of art of biosensors based the
mechanism of SPR and SERS.

4.5.1. Biodetection Based on Surface Plasmon Resonance (SPR) and Local Surface Plasmon
Resonance (LSPR)

The SPR biosensor is a new type of biochemical analysis system based on the principle
of physical optics. It has been proved that plasmonic nanocrystals are extreme sensitivity
toward changes the dielectric properties of solvent, adsorbed species [207,208]. In recent
years, thanks to their well-known advantages of high sensitivity and selectivity, easy
functioning, high specificity, real-time operation and fast speed, the SPR biosensor has been
widely used in various fields, such as clinical diagnosis, qualitative and quantitative testing
of genetically modified ingredients, virus identification, environmental microbial testing,
drug screening and genetic analysis, etc. [209–211]. Local surface plasmon resonance
(local SPR, LSPR) is a resonance phenomenon of free electrons in metals, and it occurs in
metal nanostructures. The extinction phenomenon in LSPR is caused by the absorption
and scattering of light by nanoparticles. LSPR has obvious advantages over traditional
SPR biosensors due to the relatively simple optical system and the ability to amplify
SPR response signal changes. Therefore, biosensors based on SPR and LSPR have been
significantly developed in recent years.

Gold and silver are the typical plasmonic metals. Ag NPs always exhibit a stronger
and sharper plasmon resonance than Au NPs. However, pure silver is rarely used in
practical applications due to the instability caused by moisture, acids, oxidation, heat, and
light. The addition of another metal to the Ag system is a good solution to improve the
stability and maintain the excellent SPR performance. Yu et al. [212] specifically combined
the gold nanorods with the Fab fragments of IgG molecules to perform biological detection.
When the IgG antibody molecules in the solution specifically bind onto the gold nanorods
surface, it will cause the red shift of the longitudinal plasmon resonance absorption peak
of the gold nanorods. Bimetallic nanocrystals have higher SPR refractive index sensitivity
than that of single metal nanocrystals, and more suitable for bio-detection. For example,
Ding et al. [213] prepared Ag nanoparticles onto ITO substrate by electrodeposition and
then deposited a thin Au shell onto Ag surface by immersing the Ag/ITO in HAuCl4
solution. Compared with Ag/ITO, the obtained Ag@Au/ITO had high chemical stability
and low biological toxicity, and exhibited high SPR refractive index sensitivity. In addi-
tion, subsequent antibody detection experiments showed that this modification greatly
improved the detection sensitivity. In addition, the shift of SPR absorption peak caused by
the structural change of bimetallic nanoparticles under the action of external molecules can
also be used for biological detection. Yan etc. prepared Au@Ag bimetallic nanocrystals
and used it to detect the storage time of food [214]. The continuous deposition of silver on
the surface of gold nanorods will cause the shift of the SPR absorption peak. As shown
in Figure 18a–f, at the initial time, the solution of Au nanorods was reddish brown. With
the extension of time, silver deposited on the surface of Au nanorods, leading to the so-
lution gradually becoming orange-yellow-green. Therefore, color change can reflect the
proliferation of E. coli and the storage time of food.
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Figure 18. TEM images of the Au (a) and Au/Ag (b) nanorods; (c) Elemental mapping images
of Au/Ag nanorod; (d) the color change during the reaction process; (e) Extinction spectra of the
samples in (d); (f) Photograph of the hydrogel cubes. Reproduced with permission from [214].
Copyright American Chemical Society, 2013. (g) Schematic diagram of the Au@Ag core/shell NPs for
detecting cyanide; (h) UV-vis spectra of the Au@Ag core/shell NPs with the addition of increasing
cyanide. Reproduced with permission from [215]. Copyright Royal Society of Chemistry, 2014.

Moreover, Au/Ag bimetallic nanocrystals are usually used as colorimetric probes for
detecting cyanide. The colorimetric mechanism is that cyanide could react with Au and Ag
to form a metal–cyanide complex in the presence of oxygen (Figure 18g). According to this
mechanism, some colorimetric cyanide sensors have been made [215,216]. For example,
Zeng and co-workers have synthesized Au@Ag core-shell nanocrystals by using citrate
capped Au nanoparticles for the colorimetric cyanide sensing [215]. The results showed
that UV-vis spectra of Au@Ag core-shell nanocrystals were very sensitive to the thickness
of Ag shell (Figure 18h), and thus significantly sensitive to cyanide. Furthermore, the
concurrent induced color changes were obvious and visible to the naked eye.

4.5.2. Biodetection Based on Surface-Enhanced Raman Scattering (SERS)

SERS is a phenomenon in which Raman scattering is enhanced when molecules of
interest are excited in the proximity or on the surface of roughened metal substrate. There
is no consensus on the nature of enhancement mechanism, and most scholars believe
that SERS enhancement is mainly composed of physical enhancement and chemical en-
hancement, and the former is dominant. Sliver nanocrystals often possess higher SERS
enhancement due to the significant plasmonic efficiency, but the stability of Ag NPs is
poor [217]. Gold nanocrystals are widely used in biological applications due to their
good biocompatibility and high stability [218]. The Au–Ag bimetal has been proved to
be better nanostructures than single Au or Ag due to combining the advantage of both
metals. Therefore, AuAg NPs are widely used in the identification of tumor cells and
normal cells, detection of tumor location and DNA diagnosis. As shown in Figure 19, the
process of immunoassay using SERS includes three steps: (i) modifying the substrate for
capturing antibody; (ii) SERS probe for specific antigen recognition; (iii) Raman spectrum
detection. Grubisha et al. detected prostate antigen (PSA) by using gold nanoparticles as
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Raman signal amplification carrier, and the detection limit was as low as ~1 pg/mL [219].
However, Tian et al. found in the experiment that the highest enhancement ability of
Ag@Au bimetallic nanoparticles could reach more than 10 times that of single metal (Ag
or Au), which greatly improved the detection sensitivity [220]. Huang et al. also obtained
a similar result [221]. They developed a novel SERS immunoassay with high sensitivity
and selectivity for detecting cancer marker such as AFP. The Au@Ag core-shell structure
could take advantage of the properties of both Au and Ag NPs, and improved the insuf-
ficient aspects of sensitivity and stability. In addition, with the increase of the thickness
of the Ag shell, the SERS signal was increased regularly, which can be ascribed to the
generally accepted assumptions that the larger the size of NPs, the more significant the
SERS enhancement effect.

Figure 19. (a) Schematic illustration of immunoassay method based on SERS. Reproduced with
permission from [217]. Copyright American Chemical Society, 2006. (b) Illustration of enzyme
induced metallization of AFP for SERS immunoanalysis. Reproduced with permission from [221].
Copyright Royal Society of Chemistry, 2017.

5. Conclusions and Prospects

In the past decade, great progress has been made in the shape-controlled synthesis,
characterization, and applications of bimetallic nanocrystals. Introducing a metal into a
noble metal system can not only save an amount of noble metal and reduce the cost of the
catalyst, but improve the performance by changing the composition, controlling the atomic
arrangement, and adjusting the electronic structure. Bimetallic nanocrystals often exhibit
some new properties and capabilities due to the synergistic effect of bimetals, not just the
simple addition of the properties associated with two single metals. Therefore, bimetallic
nanocrystals have been widely used in some important fields including catalysis, sensing, and
energy conversion. This article reviewed the progress in the synthesis strategy, and important
applications of bimetallic nanocrystals. Four typical synthesis methods for co-reduction,
seeded-growth, thermal decomposition and galvanic replacement were summarized. How-
ever, several hundred articles about the synthesis and applications of bimetallic nanocrystals
have been published each year. Therefore, it is difficult for us to consider all contributions to
this field, and we apologize for neglecting some important contributions.

Although there are many achievements in the controllable synthesis and applications
of bimetallic nanocatalysts, further research is needed in the following aspects: precisely
controlling the morphology, size and structure of bimetallic nanocrystals, and establishing
the theory of nanocrystal nucleation and growth mechanisms. Although many synthetic
strategies have been developed and many rich nanostructures have been obtained, tra-
ditional synthetic methods are not sufficient to control the surface structure of metal
nanocrystals at the atomic level. Although researchers have been able to use some in situ
characterization techniques to observe the nucleation process of nanocrystals, the process is
extremely fast and complex. Therefore, it is difficult for people to understand this process
in depth. In addition, the nucleation method has a great influence on the crystal plane,
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defects, and growth method. Therefore, there are still huge opportunities and challenges
with regard to the formation mechanism of bimetallic nanocrystals.

Developing methods for scaling up production: if nanocrystals are to be used in
industry, they must be made in large quantities, so exploring new methods or optimizing
existing methods is a good solution to expand production. At present, the experimental
devices for synthesizing bimetallic nanocrystals mainly include hydrothermal reactor three-
necked flasks, etc. Their capacity generally does not exceed 200 mL. While these methods
could successfully produce products at the milligram scale, it is impossible to fully meet
industrial-level usage. If the volume of the reactor is simply increased, and the amount of
raw materials is also proportionally increased, which will alter the reaction kinetics of the
nanocrystals, the shape, structure and size of the products cannot be controlled well. In
recent years, some new reaction systems have been developed, such as continuous flow
and droplet-based systems, which have improved product control and reproducibility.

Chemical and thermal stability of bimetallic nanocrystals: although many published
works in the literature reported that bimetals possess good thermal stability, the original
shape could also transfer to another thermodynamically favorable shape or architecture
by excessive heating together for a long time. In terms of chemical stability, due to the
difference of the redox potential, the more reactive metal in bimetallic nanocrystals tends to
leach in some applications such as fuel cells. Therefore, the thermal and chemical stability
of bimetallic nanocrystals still need to be further studied in specific applications.

Although there are still some challenges, some promising work has been published
in recent years. It was proved that introducing a third metal in the bimetallic system may
be a promising strategy for improving the performance of bimetallic nanocrystals due to
the possible synergetic effects [222]. For example, by decorating PtCu nanocrystals with
Ni, a PtCu@PtCuNi catalyst showed a higher activity and stability for ORR than that of
PtCu, and mass and specific activities were obviously improved in comparison to those
of commercial Pt/C [223]. The method to improve the properties of bimetals is definitely
not limited to the introduction of the third metal, and we should use our imagination to
continue exploring this. With the in-depth research on the controlled synthesis chemistry
and catalytic chemistry of bimetallic nanocrystals, we believe that we will have the ability
to precisely control the composition, morphology and size of nanocatalysts, and achieve
low-cost, large-scale synthesis of high-performance bimetallic nanocatalysts.
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